The research activity within our laboratory of computational chemistry at the university of Fribourg is presented. In this review, we give a brief outline of a recently proposed 
Recently, a new model to treat their electronic structure has been proposed in our groupthe Ligand-Field Density Functional Theory (LFDFT). Its mathematical formalism has been described with great details elsewhere [1] [2] [3] . Before going to discuss in simple terms what LFDFT is, let us first ask why we should use DFT for TMI complexes and can we restrict the calculations of their ground and excited state electronic structure to a DFT treatment only ?
A motivation for DFT
In 1964 Hohenberg and Kohn [4] stated that there exists an universal functional of the electron density, which is independent of the chemical system (accounted for by an external potential) and for which the ground state energy has its correct minimal value for the system. In the formulation of their theorem, the electron density has been considered spin free. One year later, Kohn and Sham provided a route to a set of working equations [5] , similar to the ones of Hartree and Hartree-Fock. These Kohn-Sham (KS) equations allow, for systems with slowly varying density (i.e. not far from a homogeneous electron gas) to calculate the electron density self-consistently, starting from a reasonable guess.
The theory allows, finally, to calculate the electronic energy and other electronic properties for the system from the known electron density. In writing down these oneelectron equations, Kohn and Sham started from a reference system of non-interacting electrons and introduced exchange and Coulomb correlation using an approximate effective potential -the exchange correlation potential. It takes also care for the nonadditivity of the kinetic energy of the electrons due to their interactions. Subsequently, the Kohn-Sham equations became the building block of all user-oriented modern, molecular orbital based DFT programs(KSDFT). In fact, approximate functionals of improving quality have been proposed and applied with considerable success to thermochemistry, to predict: molecular geometry, force fields, Infra Red (IR), Nuclear
Magnetic Resonance (NMR), photoelectron, Electron Spin Resonance (ESR), Ultraviolet (UV) spectra and the reactivity of closed shell organic and inorganic (including TMI) systems [6] [7] . A great merit of the DFT is its ability to account for electronic correlation which is important for TMI complexes, at comparably low computational costs. This allows to calculate systems of significantly larger size than wave function based methods.
However, for open-shell systems, the spin-density exhibits, in general, a lower symmetry than the electronic Hamiltonian (Kohn-Sham or Hartree-Fock); this is because of the spin-polarization yielding spin-densities which are no longer invariant with respect to the rotations of the symmetry point group. For example in the case of atoms, α (or β) spin possesses cylindrical symmetry and violates the spherical symmetry e.g. in cases of the C [11] . However, Coulomb correlation, which, for TMI dominates the exchange correlation and the necessity to account for non-dynamic correlation (via Configuration Interaction (CI), see below) remains still beyond the reach of the present DFT methodology. We can conclude that DFT alone is not able to account for both the electronic structure of the ground and the excited states of transition metal complexes and one has to resort to other methods or to a combination of different methods. (consisting of kinetic and potential energy for each electron) and the (ii) using the Kohn-Sham orbitals from the first step and occupying them adequately, the energies of all SD are calculated;
(iii) finally, the SD energies are utilized (using a script, written in MATLAB) to obtain all needed model parameters -the 5x5 ligand field matrix and the parameters B and Cin a least-squares fit. Comparing SD energies from DFT with those calculated using LF parameter values, we can state for all considered cases, that the LF parameterization scheme is remarkably compatible with the SD energies from DFT; standard deviations between the two sets of SD energies (DFT and LFT) are found typically between 0.02 and 0.1 eV.
These parameters are used then in a full CI ligand field program to calculate energies and electronic properties of all multiplets split out of a d n configuration. Symmetry analysis is supported by the program, however it is a great merit of this approach being able to calculate systems of symmetry as low as C 1 . This makes the approach suitable to bioinorganic problems considering e.g. active sites in enzymes. In particular, the 5x5 LF matrix can easily be deduced from a single AOC DFT calculation. We have shown [2] that the matrix of the LF, resulting from the many electron treatment is essentially the same (differences between two set of data not exceeding 1-2%) as the one obtained using the following simple recipe [17] : 
Since U is in general not orthogonal, we use Löwdin's symmetric orthogonalisation scheme to obtain an equivalent set of orthogonal eigenvectors (C):
We identify now these vectors with the eigenfunctions of the effective LF Hamiltonian we seek: h LF The LFDFT approach has been applied and validated using well documented spectra and structures on octahedral and tetrahedral TM complexes [1] [2] [3] . An extension of this method allows to estimate spin-orbit coupling constants [18] and to apply it for the calculation of g-and fine structure A-tensors in EPR [19] . With spin-orbit coupling at hand also a treatment of the zero-field splitting [20] and of the paramagnetic contributions to NMR shielding constants becomes possible [21] .
In the following, we briefly review on the extension of the LFDFT method to transition metal dimer complexes [22, 23] . Let us assume that two semi-occupied orbitals dl 1 and dl 2 located on both symmetry equivalent fragments couple to yield an in-phase (a) and an out-of-phase (b) MO (eq.7).
where a and b belong to two different irreps. 
yields the eigenvalues E -and E + and the energy separation between the lowest singlet state and the triplet E --E 3 , referred to as the singlet-triplet spitting. The latter one is identical to the exchange integral in magnetism. It is a good measure for the covalence stabilization of a bonding electron pair with respect to a non-bonding triplet pair. When compared in the limit of complete dissociation these quantities yield the total bonding energy.
Let us now consider the formation of bonding in terms of a localized model for bonding.
Within such a model (cf. Anderson [24] ), dl 1 and dl 2 are singly occupied in the ground state for separate fragments giving rise to a triplet and to a singlet with wave functions ψ T and ψ S (eq.10 and 11, respectively). There are two further singlet states and arising when either of the two magnetic electrons is transferred to the other magnetic orbital (SOMO), i.e.
where ψ S lies by 2K 12 at higher energy than ψ T . We take the energy of the latter state as reference {E(ψ T )=0}. K 12 (13) U is also a positive quantity. The interaction matrix element between ψ S and ψ S CT (eq.14)
reflects the delocalization of the bonding electrons due to orbital overlap. The quantity t 12 =<dl 1 |h|dl 2 > is being referred to as the transfer (hopping) integral between the two sites.
Thus, we get:
Calculations show that T 12 = t 12 in a very good approximation, differences being generally less than 0.002 eV. This term tends to lower the singlet-over the triplet-energy and is intrinsically connected with the gain of kinetic energy (kinetic exchange). The interaction matrix (eq.15a) describes the combined effect of these two opposite interactions. Using perturbation theory one obtains eq. 15b for the singlet-triplet 
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We like to point out that these expressions are furthermore related to the energies of the single determinants |a [26] . Antiferromagnetism for this geometry is also obtained by LFDFT, but the resulting value exceeds now the experimental one by a factor of 2.88 (however the BSDFT value is off by a factor of 4.61). The reason is that DFT leads systematically to lower values for the energy U which causes an increase of the -4T 12 2 /U, in cases where this term plays an important role (see Ref. [22] for further examples and for an analysis).
It is remarkable that ferromagnetic contributions to J 12 (2K 12 , eq.15b) seem to be described realistically by the LFDFT procedure and our results show that these terms could be indeed rather important (as large as 0.061 eV in the chosen example). Such terms have been neglected in earlier studies [29] or deemed to be small by physicists [24] . ).
to π and δ Re-Re bonds, respectively. All four orbitals, 6a 1 , 2b 2 and 6e are singly occupied in ReCl 4 2-and yield four bonds between the two ReCl 4 --units: one σ, two π and one δ bond. A rough measure for the strength of these bonds are the spittings of the a 1 (9a 1 , 12a 1 ), e(11e,12e) and b 2 (3b 2 ,4b 2 ) orbitals, which are calculated to be 5.42, 3.58, 0.70 (Fig.4, right) , respectively thus reflecting a decrease of bond strength from σ to π to δ. This is clearly manifested by the plots of the electronic localization function (ELF) [36] (Fig.5) which takes values between 1 (electron localization) and 0 (no localization) and thus reflects the concentration of charge into bonding or non-bonding domains. Thus, while the plot in Fig.5a does not show any indication of accumulation of electron charge between the Re nuclei, the symmetry partitioned ELF plots (Fig.5b,c) nicely reflect this.
The spectacular feature of these plots is the σ-bond pathway which shows a bondlocalization attractor between the Re nuclei but not only. Indeed, the plot for π symmetry reflects a much weaker yet non-negligible bonding effect, while the one for δ does not display any bonding features. Apparently, the δ-bonding in Re 2 Cl 8 2-can be regarded as a weak bond which might as well be considered as a strong antiferromagnetic coupling (see below). This interaction can be fully destroyed when going from the eclipsed (D 4h ) to the staggered (D 4d ) conformation. For this latter geometry, the δ-orbitals are rotated by a 45 o with respect to each other, leading to strict orthogonality and to ferromagnetism. This could be achieved by chemical tuning [35] . The extended transition state (ETS, [37, 38] ) energy decomposition analysis lends support to this interpretation based on MO analysis and ELF plots (Table 1) . In this analysis the interaction energy between problem for each of the two bonding modes separately. This is similar to a discussion of bonding in these systems in which δ electrons are being considered as decoupled from the π and σ-electrons (Bursten and Clayton [39] ). For π-bonds, there are 4 electrons and 4 orbitals which makes the analysis cumbersome. However, also in this case, an approximate treatment can be given, restricting the consideration to two electrons distributed over only two orbitals -bonding and antibonding, each of them transforming as one of the components of the doubly degenerate orbital e.
In Table 2 we include singlet triplet separations J 12 , corresponding to σ, π and δ bonding, obtained from DFT calculations. Re-Re bond energies decrease from σ to π to δ following the lines of the MO and the ETS analysis. It is interesting to note that the δε(λ) (λ=σ, π, δ) splittings of the KS-MO energies and J 12 (λ) are very close in magnitude and nearly equal to the values of the hopping integral t 12 . This reflects the common covalent origin of these parameters. At the same time, ∆E orb (λ) deduced from the ETS analysis are larger than J 12 (λ) and δε(λ) ( Table 2) . Possibly, polarization effects contribute to this difference. The parameter K 12 is just the ferromagnetic exchange integral which may 
Conclusions
The LFDFT models developed in our group turn out to be able to calculate electronic multiplet structures as well as fine structures not only for single nuclear, but also in dinuclear TMI complexes. In this case, not only magnetic exchange, but also the metalmetal chemical bond can be interpreted and well understood in terms of interactions between orbitals in the active space of the d-electrons. They can be used to interpret bonding and magnetic phenomena on the same footing and are valuable in addition to other methods for the study of the chemical bond, e.g. the extended transition state method, the electron localization function and analysis of the Laplacian of the electron density (Bader analysis). Following a more general, symmetry based formalism [40] the method can be extended to charge transfer spectra. Its ability to also treat spectra of rareearth and actinide complexes is presently explored in our group [41] .
